Sugarcane (Saccharum sp.) is predominantly grown in both tropics and subtropics in India, and the subtropics alone contribute more than half of sugarcane production. Sugarcane active growth period in subtropics is restricted to 8-9 months mainly due to winter's low temperature stress prevailing during November to February every year. Being a commercial crop, tolerance to low temperature is important in sugarcane improvement programs. Development of cold tolerant sugarcane varieties require a deep knowledge on molecular mechanism naturally adapted by cold tolerant genotypes during low temperature stress. To understand gene regulation under low temperature stress, control and stressed (10 °C, 24 h) leaf samples of cold tolerant S. spontaneum IND 00-1037 collected from high altitude region in Arunachal Pradesh were used for transcriptome analysis using the Illumina NextSeq 500 platform with paired-end sequencing method. Raw reads of 5.1 GB (control) and 5.3 GB (stressed) obtained were assembled using trinity and annotated with UNIPROT, KEGG, GO, COG and SUCEST databases, and transcriptome was validated using qRT-PCR. The differential gene expression (DGE) analysis showed that 2583 genes were upregulated and 3302 genes were down-regulated upon low temperature stress. A total of 170 cold responsive transcriptional factors belonging to 30 families were differentially regulated. CBF6 (C-binding factor), a DNA binding transcriptional activation protein associated with cold acclimation and freezing tolerance was differentially upregulated. Many low temperature responsive genes involved in various metabolic pathways, viz. cold sensing through membrane fluidity, calcium and lipid signaling genes, MAP kinases, phytohormone signaling and biosynthetic genes, antioxidative enzymes, membrane and cellular stabilizing genes, genes involved in biosynthesis of polyunsaturated fatty acids, chaperones, LEA proteins, soluble sugars, osmoprotectants, lignin and pectin biosynthetic genes were also differentially upregulated. Potential cold responsive genes and transcriptional factors involved in cold tolerance mechanism in cold tolerant S. spontaneum IND 00-1037 were identified. Together, this study provides insights into the cold tolerance to low temperature stress in S. spontaneum, thus opening applications in the genetic improvement of cold stress tolerance in sugarcane.
Introduction
Sugarcane is the second most important commercial crop in India. It is grown over 5 M ha in varied agro-ecological climatic conditions with an annual cane production of more than 350 million tonnes (Solomon 2016) . India is the second largest sugar producers in the world. Sugarcane growing regions are broadly classified under two climatic conditions commonly referred to as tropical and subtropical regions in India. The major sugarcane producing area lies in the 1 3
195 Page 2 of 18 subtropical regions comprising the states, viz. Uttar Pradesh, Bihar, Uttarakhand, Haryana, Punjab, Assam, West Bengal, Rajasthan and other Northeastern states of India, which accounts for 55% of total area and 50% of total production (Solomon 2016) . Sugarcane is quite an unusual plant with polyploidy genome, which introduces difficulties and hurdles in genetical and physiological approaches of crop improvement (Azevedo et al. 2011 ). The sugarcane productivity and quality of juice are influenced by weather conditions and optimum temperature for germination is 26-32 °C and growth requires 30-33 °C. Temperatures above 38 °C reduce photosynthesis rate and increase respiration. Rapid cane elongation during grand growth period is favored by high humidity (80-85%). In subtropical regions in India, chilling conditions is severe during November to February every year. Severe cold weather inhibits bud sprouting in ratoon crop and arrests cane growth of sugarcane. The critical temperature for chilling-sensitive tropical plants is 10-12 °C and winter's low temperature (LT) affects stalk growth more than the sugar production (Ram et al. 2001) .
LT stress induces several abnormalities in physiological and morphological characters, which include changes in reduction in water/mineral uptake and photosynthetic rate, changes in membrane system, ion homeostasis disturbance and induction of ROS. An early response to low temperature is inhibition of photosynthesis by changing pigment composition, decreased quantum efficiency , modified thylakoid membranes, and impaired chloroplast development (Nie et al. 1995) . The reduction of pyruvate, phosphate dikinase (PPDK) and NADP-malate dehydrogenase (NADP-MDH) activities may be the primary cause of the reduction of the photosynthetic rate in sugarcane leaves at chilling temperature (Du et al. 1999 ). The membrane systems are primary sites of injury in plants during cold exposure, which in turn disturbs the fluidity, causing water and soluble materials to leak out into the intercellular spaces, where water is lost through evaporation and is the primary cause of wilting (Wright 1974) . During LT stress, Na + and Cl − levels increase (Blumwald et al. 2000) and this imbalance of ion homeostasis leads to cellular damage and cell death. Another important effect of low temperature is induction of oxidative stress in tissues leading to generation of reactive oxygen species (ROS), including superoxide radicals, hydroxyl radicals and hydrogen peroxide resulting in cell death (Dhingra 2015) .
Tolerant plants show responsive mechanism towards LT stress in a genotype, organ and environment-specific manner through various complex networks of metabolic pathways (Zhang et al. 2014) . Sessile plants sense the LT stress through membrane fluidity changes and accumulation of calcium signatures that leads to downstream activation of cold signaling pathways (Virdi et al. 2015) . Fatty acid composition of cellular membrane with more than 40% of unsaturated fatty acid, desaturation of membrane lipids by glycerol 3-phosphate acyltransferase and biosynthesis of polyunsaturated fatty acid by fatty acid desaturase 3 (FAD3) confers tolerance to LT stress (Murata et al. 1992; Li et al. 2016) . Many transcriptional factors like bHLH, CAMTA, MADS, WRKY, NAC, TRAF, C3H, AP2 were associated with cold responsive mechanisms (Shi et al. 2014) . MAP Kinases are highly conserved and involved in cascades of signal transduction and activation of cold responsive mechanism (Zhao et al. 2017 ). ICE-CBF-DREB1 dependent and independent (ABA-dependent) pathways are regulating the LT response mechanism in plants (Thomashow 1999; Nogueira et al. 2003) . ICE-CBF-DREB1 dependent cold responsive genes (COR) are reported to play a significant role in signaling, thermoregulation and cold acclimatization (Viswanathan and Zhu 2002) . Phytohormones confer tolerance to LT through modulating cold pathways and enhancing plant growth and development (Shi et al. 2014) . ABA is central regulator and vital stress hormone expressed during LT stress . Antioxidative enzymes involved in scavenging of ROS and non-enzymatic antioxidants cum secondary metabolites such as anthocyanin, phenylpropanoid, terpenoids (Vanlerberghe and McIntosh 1997; Maxwell et al. 1999; Arnholdt-Schmitt et al. 2006) , cellular membrane stabilizers, viz. higher proportion of unsaturated fatty acid (Murata et al. 1992; Li et al. 2016) , chaperones, late embryogenesis abundant (LEA) proteins, osmotin and proline protect the cells from LT-induced cellular damage (Al-Whaibi 2011). Accumulation of soluble sugars during cold stress acts as stabilizer of cellular components and plasma membrane (Tarkowski and Van den Ende 2015) . Differential transcriptome profiling through NGS approaches emerged as robust, efficient and sensitive for both low and high level gene expression ). This tool also facilitates rapid identification of stress-responsive genes and deciphering metabolic pathways associated with various biotic and abiotic stresses (Zhang and Huang 2010) .
Recently, we reported for the first time a transcriptome analysis of a low temperature tolerant S. spontaneum clone (Dharshini et al. 2016) . In the present study, assembled transcriptome was blasted against SUCEST database (http://suces t-fun.org) and performed an extensive differential gene expression (DGE) analysis to identify the low temperature responsive novel genes and metabolic pathways. Also, this study illustrates the expression pattern of genes overviewed in cellular regulations, like cell wall modifications, receptor-like kinases, transcription factors and phytohormones upon low temperature stress conditions.
Materials and methods

Plant material and RNA isolation
Saccharum spontaneum L. IND 00-1037 clone was raised under glass house conditions (at 28 ± 2 °C) at ICAR-Sugarcane Breeding Institute, Coimbatore, Tamil Nadu, India. Three months-old seedlings were selected for the experiment and leaf tissues were collected from three pots (three replicates, one pot per replicate) of stressed sample which pooled together as one biological replicate after being exposed to low temperature (10 °C) for 24 h. Total RNA was isolated from both control (C) and stressed (S) samples using TRIzol reagent (Invitrogen, USA). Purified RNA was quantified using Nanodrop (Thermo Scientific, USA) and agarose gel electrophoresis was also performed to check the quality of RNA.
cDNA library, sequencing and de novo assembly
The cDNA library was constructed using the NextFlex Rapid Directional RNASeq kit as per the manufacturer's instructions (Bioo Scientific, USA) and sequenced using Illumina Nextseq 500 platform with paired-end technology. Illumina yielded raw reads quality was checked using FastQC tool to obtain processed reads. The high-quality clean reads were assembled using Trinity tool (http://trini tyrna seq.sourc eforg e.net/) with K-mer value 25.
Sequence annotations
The de novo assembled transcripts annotated against UNI-PROT, KEGG, GO and COG databases were described elsewhere (Dharshini et al. 2016) . In the present study, the assembled transcripts were blasted against SUCEST database (http://suces t-fun.org) using mapping parameters of minimum length fraction = 0.7 (70%); minimum similarity fraction = 0.8 (80%); maximum number of hits for a read = 1 (Park et al. 2015) .
Gene function analysis using SUCEST data
Gene ontology information was generated for all plant RefSeq (NCBI) by finding common NCBI gene ID's in gene2r-efseq (ftp://ftp.ncbi.nih.gov/gene/DATA/gene2 refse q) and gene2go (http://ncbi.nih.gov/gene/DATA/gene2 go). Gene functional information and enzyme information were found in database of gene info (ftp://ftp.ncbi.nih.gov/gene/DATA/ gene_info) and ec2go (http://www.geneo ntolo gy.org/exter nal2g o/ec2go ) files. Blastx of the NCBI RefSeq database were also used to identify gene ontology and gene functional information for each contig by their RefSeq IDs.
Differential gene expression (DGE) analysis
DGE analysis for control and stress samples were performed as described elsewhere (Dharshini et al. 2016) . In brief, generation of master control transcriptome data was performed and used as reference for DGE analysis by employing a negative binomial distribution model with DeSeqv1.8.1 package (http://www-huber .embl.de/users /ander s/DESeq //anders/DESeq/). The expression profile for those transcripts expressed only in C, expressed in both C and S, and expressed only in S was generated. P and Q significant of transcripts were calculated for those transcripts expressed in both C and S samples.
Quantitative real-time polymerase chain reaction (qRT-PCR)
A total of 18 genes representing different cold responsive pathways, viz. membrane fluidity, cold sensor, signaling, transcription factors, osmolytes like simple sugars and sugar alcohols, photosynthesis and ubiquitination were chosen for validation using qRT-PCR. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as an endogenous reference (Park et al. 2015) . qRT-PCR was performed with a Step-One plus RealTime PCR system (Applied Biosystems, Canada). Each reaction was carried out in triplicates. The primers used were designed based on the transcriptome data and are listed in supplementary table S1. The nucleotide sequence of 18 genes used for qRT-PCR experiment are given in supplementary file S1. For qRT-PCR experiments, RNA of stress and control samples were used as template and cDNA synthesis was done using RevertAid first Strand cDNA synthesis kit (Thermo Scientific, USA). The cDNA concentration was standardized for each sample and to check primer specificity dissociation curve analysis was performed. In brief, each qRT-PCR reaction consists of 50 ng cDNA, 2.5 pmol primers, 12.5 μl of 2X MESAGREEN Master Mix (Eurogentec, Belgium) and the final volume was made up to 25 μl with sterile water. qRT-PCR reaction conditions used were as follows: denaturation for 10 min at 95 °C followed by annealing and extension at 1 min for 60 °C (40 cycles). The fold change of the target genes was determined by 2 −ΔΔCt method (Livak and Schmittgen 2001) .
MapMan analysis
Transcripts were annotated using BLAST against Zea mays and TAIR (The Arabidopsis Information Resources) database with parameters like CDS and E value of 0.0005. Functional mapping was created for the differentially expressed genes upon low temperature in S. spontaneum. The functional mapping generated a reference file that was uploaded in MapMan software v3.5.1R2 to visualize the metabolic pathways, cell regulation, secondary metabolites, and other processes in the datasets.
Results and discussion
Transcriptome summary
In brief, the Illumina platform generated raw reads of 5. 
SUCEST analysis and gene function
All the transcripts of control (2195974) and stress (2145528) were annotated against SUCEST, about 18,336 hits for control and 17,867 hits for stress samples were obtained. The SUCEST outfile is given in supplementary file S2. The SUCEST statistics were given in Table 1 .
Differential gene expression (DGE) analysis
The DGE analysis showed that 21,283 unigenes were expressed in the stress sample and 19,506 unigenes were expressed in the control sample and 10,823 unigenes were neutrally expressed with FDR ≤ 0.001 and Log 2 ≥ 2. The distribution of DGE pattern is represented as scatter plot (Fig. 1) . The DGE analysis revealed that a total of 2583 genes were upregulated and 3302 genes were down-regulated upon LT (Dharshini et al. 2016) . Herein, we present information on differentially expressed genes that are potentially involved in cold acclimation in S. spontaneum under LT conditions.
Membrane fluidity
The plant cell membrane gives mechanical strength and acts as primary defense machinery. Sugarcane cell wall is composed largely of celluloses (48.6%), hemicelluloses, mainly by galactose and xylose (31.1%), lignin (19.1%), and 1.2% of extractives (Masarin et al. 2011) . During LT stress, most of the genes that play a major role in cell wall composition have been upregulated as a defense mechanism. Arabinoxylan arabinofuranohydrolase (plasticizing of cell), expressed only in stress, is a structural component of cell, which serves as a phenolic reservoir, activates antioxidant production and maintains membrane fluidity by rehydration (Moore et al. 2013) . In this data, xyloglucan endotransglucosylase/hydrolase (XTH) genes were upregulated by 4-Log 2 fold and expansions expA1, expB5, expB7 were upregulated by 2.4, 5.5 and 4.7 Log 2 fold, respectively. XTH along with expansins are recognized as wall-modifying proteins, which participate in cold acclimation (Cho et al. 2006) . LT stress strengthens plant cell wall by lignin and pectin synthesis and decreases the cell wall pore size. Upon LT stress, pectin methyl esterase was 3.5 Log 2 fold upregulated, thereby proving that pectin acts as a key element in plant response to cold stress and also regulates pore size (Solecka et al. 2008) . Lignin synthesis was enhanced by upregulation of cinnamyl alcohol dehydrogenase l (2.5 Log 2 fold). Cell wall-related proteins, like wall-associated kinases, were 4-Log 2 fold upregulated. Cold acclimation includes changes in polysaccharides, lipid composition and reshuffling to maintain cell membrane fluidity. Fatty acid desaturase (FAD8) gene was 2.1 Log 2 fold upregulated which helps in inserting double bonds to hydrocarbon chains of fatty acids to produce unsaturated fatty acid (Pang et al. 2013 ). Phospholipase D was 2.9 Log 2 fold enhanced which anchors the microtubules to plasma membrane and causes rearrangement in cytoskeleton confirmation, thereby activating the calcium channels (Fowler and Thomashow 2002) . Also, other genes upregulated in cell wall study during low temperature are represented in table S3.
Restoration of cellular homeostasis
Low temperature leads to increase in Na + ions and the excessive Na + has to be effluxed or compartmentalized in the vacuole to maintain the cellular homeostasis. In plant cell, H + ATPase and H + pyro-phosphatases create proton motive force and transport ions like Na + (Conde et al. 2011) . DGE analysis revealed that ATPases were upregulated by 3.7 Log 2 fold and a vacuolar proton pyro-phosphatase, which is involved in hydrogen-translocating pyrophosphatase activity and Na + ion transport to vacuole, was 2.1 Log 2 fold upregulated. This leads to a decrease in intracellular Na + level in the cytosol. Thioredoxin, Grx_ S16-glutaredoxin subgroup II, glutaredoxin, and 68 putative proteins involved in restoration of ion homeostasis imbalance caused by cold stress, were upregulated. Multidrug and toxic compound extrusion proteins (MATEs) are active secondary transporters with H + /Na + antiporter function. MATEs were upregulated during stress in rice seedlings (Tiwari et al. 2014) . Seventeen MATEs transcripts were upregulated in our transcriptome (3.4 Log 2 fold).
Cold sensors and receptor protein kinases
Cold sensors detect the changes in membrane fluidity caused due to low temperature and initiate signal transduction machinery. The calcium channel and two-component histidine kinases are potential low temperature sensors in plants (Xiong et al. 2002) . The reorganization of the membrane results in elevation of cytosolic calcium levels and transmit primary signal through Ca 2+ regulated protein like calmodulin, calcineurin (sensor relays) and protein kinases (responders). Sensor relay changes phosphorylation status of different proteins and regulate the cold responsive gene expression. Responders, like phosphatase, calcium-dependent protein kinase, have effector domains through which they relay the message to downstream targets (Reddy and Reddy 2004) . Ca 2+ dependent protein kinase (CDPK) and calmodulin are Ca 2+ dependent multifunctional proteins that could be activated by influx of calcium upon LT (Nogueira et al. 2003) . In this study, calmodulin and calcineurin were upregulated by 2.8 and 2.3 Log 2 folds, respectively. Ca 2+ binding calmodulin-like receptor protein kinase can enhance cold tolerance by regulating CBF regulons ). In addition, calcium-dependent protein kinases (CDPK) and protein phosphatase (PP2C) were also upregulated. Ca 2+ ATPase act as calcium pumps by pumping Ca 2+ out of the cytosol as signaling and thereby restore cell homeostasis (Sze et al. 2000) .
Our data revealed 13 calcium transporting ATPases, of which one gene was highly upregulated (3.7 Log 2 fold). The two-component histidine kinase (HK) is another type of cold sensor in plants. In Arabidopsis, AtHK1 has been found to be upregulated upon LT (Urao et al. 2000) . A total of 41 putative HK genes involved in phosphor relay signaling were upregulated in this study. Importantly, histidine-containing phosphor transfer protein 4 was upregulated by 4.6 Log 2 fold upon cold stress and transduces the signal to the nucleus through a mitogen-activated protein kinase (MAPK) phosphorylation cascade.
Receptor protein kinases (RPK) are putative cold sensors that contain membrane spanning domains that function in cold signaling (Solanke and Sharma 2008) . DGE analysis shows that RPK1 and RPK4 were upregulated by 2.6 and 2.2 Log 2 fold, respectively, by cold stress, which was similar to that reported in Arabidopsis (Hong et al. 1997 ). Receptorlike kinases (RLKs) contain serine/threonine kinase as a cytosolic domain and convey signals to their target proteins in the cytoplasm by catalytic processes of protein kinase activity (Osakabe et al. 2013) . Figure 2 represents various receptor-like kinases, viz. LRR, DUF28, PERK, L-lectin and receptor-like cytoplasmic kinases that are differentially expressed during LT stress. Our data shows that 264 RLKs were upregulated and 33 were down-regulated upon cold exposure. Different types of receptor-like kinase genes expressed in response to low temperature in S. spontaneum are listed in Table 2 .
Signal transduction machinery
Secondary messengers, like calcium and inositol, reactive oxygen species (ROS) and abscisic acid (ABA) are the important role players in cold signal transduction. In plants, MAPK pathways are responsible for the production of compatible osmolytes and antioxidants stimulated during cold stress. These MAPK pathways are, in turn activated by receptors/sensors, such as protein tyrosine kinase, G-protein-coupled receptors, and two-component histidine kinases (Xiong et al. 2002) . The protein phosphatase 2C, which acts as a MAPK phosphatase, has a positive regulation in seed germination, stomatal closure and ABA-inducible gene expression. The Ras gene is a small GTPase, which binds and activates Ras-MAPK cascade and exhibits regulation of cold-induced gene expression. In alfalfa, MAPK was found to be upregulated in response to cold (Sangwan et al. 2002) . In our data, MAPK4 was 3.3 Log 2 fold upregulated and Ras5 expressed only under low temperature treated sample of S. spontaneum. Nucleoside diphosphate kinase is a positive regulator of MAPK cascade (Kovtun et al. 2000) and detected enhanced expression upon LT stress, in this study. Abscisic acid-dependent genes like abscisic acid 8′-hydroxylase 1, abscisic acid receptor PYL10, abscisic acid responsive elements-binding factor 2, abscisic acid responsive elements-binding factor 3 and abscisic acid 8′-hydroxylase 3 were expressed in LT. There are 33 putative abscisic acid-dependent genes involved during cold stress, of which abscisic stress-ripening protein 1 (uncharacterized protein) and putative ankyrin-kinase were upregulated by 3.9 and 2.3 Log 2 fold, respectively. A list of ABA-dependent genes (Table S4a) and ABA-independent genes (Table S4b) were tabulated. Cold stress induces phospholipase C, which in turn triggers inositol-3-phosphate synthase (IP3), which binds to endoplasmic reticulum and triggers specific response during LT. In this study, IP3 was 3.0 Log 2 fold upregulated which substantiates its role as secondary messenger during chilling stress.
Transcription factors (TFs) and LT stress
The low temperature signal is perceived by plasma membrane and transduced by variety of transduction components, which results in stimulating an array of transcription factors of cold responsive genes. There are 170 upregulated cold responsive TFs in our transcriptome, which fall into 30 families (Table S5 ). The major TFs including CBF, AP2/EREBP, bHLH, MYB, NAC, C2C2-GATA, GNAT, WRKY were actively upregulated under low temperature stress. Cold stress induces APETALA2/ETHYLENE RESPONSE FAC-TOR family TFs, i.e., CBFs (C-repeat binding factors, also known as dehydration-responsive element-binding protein 1 s or DREB1 s), which bind to cis-elements in the promoters of COR genes and activate their expression (Chinnusamy et al. 2006 (Chinnusamy et al. , 2007 . AP2-EREBP (9 genes) was upregulated by 6.0 Log 2 fold. bHLH of Poncirus trifoliate had 62% sequence identity to GmICE2 of soybean and 61% to ICE2 of Arabidopsis. PtrbHLH is a stress-responsive TF and plays a positive role in cold response (Huang et al. 2013 ). ICE1-like bHLH transcription factors are involved in the regulation of CBF1 and/or CBF2 (Van Buskirk and Thomashow 2006) . Different types of bHLH such as bHLH36 (3.1Log 2 fold), bHLH128 (1.9 Log 2 fold), bHLH113 (1.8 Log 2 fold), bHLH161 (3.3 Log 2 fold), bHLH115 (1.8Log 2 fold), bHLH82 (2 Log 2 fold), bHLH48 (2.4 Log 2 fold) were upregulated in S. spontaneum under low temperature conditions. MYB is a large family that is involved in abiotic stress tolerance. There were different types such as MYB34, MYB15, MYB94, MYB9, MYB111, MYB33, MYB12, MYB4, MYB49, MYB52, MYB59, MYB57, MYB55, MYB70, MYB1 that were upregulated during low temperature stress in S. spontaneum. MYB15 protein interacts with ICE1 and binds to MYB recognition sequences in the promoters of CBF genes, thereby imparting freezing tolerance (Agarwal et al. 2006 ) and OsMYB2 regulates cold and salt tolerance in rice . OsMYB4 is involved in cold and drought tolerance in transgenic apple (Pasquali et al. 2008 ). MYB15 and MYB4 were upregulated by 2.7 and 3.7 Log 2 fold, respectively, in S. spontaneum.
NAC TFs play a pivotal regulatory role in abiotic stresses like cold and drought (Nakashima et al. 2012) . In this study, NAC TFs such as NAC2, NAC3, NAC4, NAC8, NAC9, NAC11, NAC39, NAC70, NAC71, NAC82 and NAC87 were upregulated under LT stress. SNAC2 is a cold stressresponsive NAC TF in rice (Hu et al. 2008) . NAC4 was induced upon cold exposure in sugarcane (Nogueira et al. 2003) .
WRKY transcription factors are responsive during abiotic stresses like cold and drought. Few of WRKY proteins like GmWRKY21, AtWRKY34, VvWRKY55, PtrWRKY2, TaWRKY10 and BcWRKY46 were enhanced upon cold stress in plants (Mare et al. 2004 ). In S. spontaneum cold treated sample, WRKY92, WRKY78, WRKY13, WRKY11, WRKY30, WRKY34 and WRKY21 were upregulated. Different types of transcription factors expressed differentially upon low temperature stress in S. spontaneum are given in Fig. 3 .
Enzyme family profiling upon chilling stress
Upon low temperature, S. spontaneum transcriptome displays differential expression of a large family of enzymes which are depicted (Fig. 4 ). There were more than 13 types of enzymes such as peroxidases, glucosidases, oxidases, beta-1, 3 glucan hydrolases, alcohol dehydrogenases, glutathione s-transferases, phosphatases, and acetyltransferases. Superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), glutathione peroxidase (GPX), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), glutathione reductase(GR), glutathione S-transferase (GST), and peroxiredoxin (PRX) enzymes are located in different organs of cells and helps in scavenging of reactive oxygen species (ROS) such as hydrogen peroxide, superoxide anions, hydroxyl radicals and singlet oxygen generated under different abiotic stress conditions in various plants (Gill and Tuteja 2010; You and Chan 2015) . Alcohol dehydrogenase (ADH) performs a crucial role during cold stress in catalyzing the acetaldehydes into alcohols and 1 3 195 Page 8 of 18 generation of NDPH and ATPs in plants (Drew 1997; Song et al. 2017 ).
Simple sugars
Cold acclimation is accompanied with accumulation of simple sugars, which defend the membranes against freezinginduced damage (Strauss and Hauser 1986) . Soluble sugars can remove hydroxyl radicals, indirectly induce protein synthesis, and improve the cold resisting ability of plants. It is reported that soluble sugars and protein contents showed positive correlation with the cold hardiness of plants (Luo et al. 2002) . Several compatible solutes, such as raffinose, trehalose, sucrose, glucose and fructose have been known to frequently accumulate upon low temperature stresses. During chilling stress, synthesis and accumulation of the two most highly induced sugars are maltose and raffinose. In our transcriptome data, the raffinose synthase I gene is upregulated during LT. Also, 14 genes belonging to trehalose sugars were identified of which most of the genes were more than 3.0 Log 2 fold upregulated during cold exposure. We also found 15 sucrose precursor genes, of which many of these recorded more than 2.5 Log 2 fold enhanced expression upon cold stress. Sucrose accumulation may be regulated by energy metabolism and sugar transporters (Ferreira et al. 2016) . Genes involved in carbohydrate metabolism, such as lichenase2 and α-amylase, were upregulated by 6-Log 2 fold and 3.7-Log 2 fold in S. spontaneum. Interestingly, genes involved in the glycolytic pathway such as hexokinase and 6-phosphofructokinase 2 were also upregulated by 2 Log 2 fold and 3.5 Log 2 fold, respectively.
Sugar alcohols
The accumulation of sugar alcohols are yet another characteristic event during low temperatures, which aids in protecting the membrane and protein complexes during cold exposure. Our transcriptome revealed 7 genes related to phospholipid biosynthesis that belonged to inositol-3-phosphate synthase activity, which was upregulated by 8.3-Log 2 fold upon cold exposure. Another gene belonging to NADPdependent d-sorbitol-6-phosphate dehydrogenase, involved in oxidoreductase activity, was expressed only during low temperature stress.
Polyamines and ethylene
Proline is a key osmolyte that is actively involved in response to several abiotic stresses. Excessive proline production leads to enhanced osmotolerance in plants (Gubis et al. 2007 ). The free amino acid content varied among different sugarcane varieties, and the most cold resistant sugarcane variety showed obviously higher free amino acid content . Delta-1-pyrroline-5-carboxylate synthetase (P5CS) is a key enzyme in proline synthesis, which participates in the cold stress tolerance (Szekely et al. 2008) by solute accumulation (Pearce 1999) . In S. spontaneum transcriptome, we found P5CS, the key enzyme known to initiate proline biosynthesis in plants, which is upregulated in stress. Another putative gene (proline) involved in proline transport was also found to be 3 Log 2 fold upregulated.
Ethylene, an important regulator during drought, flooding and biotic stress (Wilkinson and Davies 2010) , appears to be complex and species-dependent during cold stress. Increased ethylene biosynthesis has been reported during cold stress in plants, such as tomato (Wang and Adams 1982) and tobacco . On the contrary, cold stress has led to suppression of ethylene biosynthetic activity in bean (Collins et al. 1993) and Arabidopsis (Shi et al. 2012a ). In our data, 1-aminocyclopropane-1-carboxylate oxidase, an enzyme involved in ethylene biosynthesis, was 9.3 Log 2 fold upregulated upon low temperature exposure. In addition, an ethylene responsive factor was upregulated only during cold stress, illustrating that ethylene biosynthesis is enhanced during cold stress in S. spontaneum.
Photosynthetic machinery
Photosynthesis is drastically affected upon cold stress which includes light reactions, Calvin cycle and photorespiration (Yan et al. 2004) . Studies have shown that cold conditions can affect photosynthesis in sugarcane, thereby hindering the carbon supply for synthesis of carbohydrates, storage and transport (Machado et al. 2013; Sales et al. 2012) . Some genes involved in the photosynthetic pathway like chlorophyll a-b binding protein, thiamine thiazole synthase2 and α − 1,4 glucanphosphorylase were negatively regulated upon cold stress. An uncharacterized protein present in the thylakoid lumen (based on gene ontology terms), which is an extrinsic component of membrane and also oxygen evolving complex in photosystem II, is drastically down-regulated by − 3.5 Log 2 fold. ELR1 (early-light induced I) protein inhibiting photosystem II was also greatly down-regulated by − 3.3 Log 2 fold, in our data. Several genes involved in photosynthetic machinery were upregulated under low temperature stress in S. spontaneum (Fig. 5) . The ferredoxin-NADP oxidoreductase (FNR) was upregulated by 4.1 Log 2 fold. The increase in expression of FNR during stress results in concomitant release of FNR from thylakoid membrane which indicates that the induction of PSI cyclic electron transfer (CET) is exclusively involved in ATP synthesis (Lehtimaki et al. 2010) . Rubisco activase (RCA) was upregulated by 2.2 Log 2 fold, this higher level of expression of RCA is not only the activate Rubisco enzyme but it also plays an important role in photosynthetic acclimation to multiple stresses . Similarly, PSII cytochrome b was 3.32 Log 2 fold upregulated and a light-harvesting chlorophyll -b binding protein 3 (LHCB-3) was upregulated by 4.5 Log 2 fold. Nogueira et al. (2003) identified the cold-inducible sugarcane inorganic phosphate transporter protein (pht1-2), that might have a critical role in readjustment of cellular status of Pi and photosynthetic carbon metabolism recovery. Inorganic phosphate transporter protein (pht2) was found to be 2.2 Log 2 fold upregulated in this data, suggesting that the photosynthetic process maintains even under low temperatures. In chloroplast, the calmodulin-binding gene, which activates the downstream signaling, was upregulated by 2.4 Log 2 fold. The upregulation of these genes may play a vital role in restoring photosynthetic activity. In addition, this upregulation may also occur due to the cold tolerant nature of S. spontaneum. Therefore, it indicates that comparative studies are necessary to elucidate the expression of these genes in cold susceptible clones of sugarcane. Figure 5 depicts the DEGs involved in photosynthetic activity upon LT.
Antioxidant systems
In plants, chilling induces oxidative stress (Sato 2001 ) and accumulates reactive oxygen species (ROS) upon cold exposure. Upon cold acclimation, there is a remarkable upsurge in the antioxidant systems (Baek and Skinner 2003) . Copper/ zinc SOD is a metalloenzyme that protects cells from superoxide radicals (Wu et al. 1999 ). In our study, about 95 DEGs representing oxidoreductase activity were recorded. Superoxide produced during stress conditions are quenched by superoxide dismutase (SOD). In our data, SOD was upregulated by 2.5 Log 2 fold and copper/zinc SOD was also upregulated upon chilling stress. Catalase (CAT) splits hydrogen peroxide into water and oxygen. CAT3 was upregulated by 4.7 Log 2 fold, and CAT1 and CAT2 were significantly upregulated under low temperature condition. Glutathione peroxidase is a selenium-containing enzyme, which catalyzes the reduction of H 2 O 2 and lipid hydroperoxide to water, using reduced glutathione as substrate (Gupta and Sharma 2006) . Glutathione peroxide, glutathione reductase and glutathione transferase were found to be upregulated upon low temperature stress in our data. Also, several antioxidant enzymes, such as ascorbate peroxide (APX), dehydroascorbatereductase (DHAR), GDP-d-mannose 3′5′-epimerase (GME), and uricase were also upregulated significantly upon chilling stress. Therefore, both enzymatic and non-enzymatic pathways were active during cold acclimation.
Aquaporins
Aquaporins are proteins that transport water and small molecules through biological membranes identified in many plant species (Maurel et al. 2015) . Several studies have revealed that aquaporins are upregulated under environmental cues, like drought, salinity, cold and reports on overexpressing aquaporins have resulted in tolerance to low temperature stress (Peng et al. 2008; Hu et al. 2012) . In our transcriptome analysis, we identified two aquaporins-aquaporin TIP4-4 and aquaporin SIP2.1 were 1.5 Log 2 fold and 1.2 Log 2 fold expressed, respectively, upon LT exposure.
Cold responsive genes
Several genes such as cold regulated (COR), chilling tolerance divergence 1 (COLD1), dehydrins, late embryogenic abundant protein (LEA), C-repeat element (CRT), DRE, temperature induced lipo protein and responsive to abscisic acid (ABF) were significantly upregulated upon LT in the present study. A list of cold responsive genes with SUCEST ID and NCBI ID are given in Table 3 . COLD1 is involved in sensing cold and triggers downstream responses to chilling stress . Many of these gene products are structural proteins that are involved in protection upon stress (chaperones, osmoprotectants, icebinding proteins), while others include regulatory genes, such as TFs and protein kinases. AFPs are highly similar to pathogen-related (PR) proteins, based on sequence and are enhanced upon abiotic stresses. PR proteins, such as thaumatin-like protein, glucanase-like protein and chitinase-like protein have direct effects on the stability of cellular membranes, reducing injury due to chilling in sugarcane (Nogueira et al. 2003) . In our transcriptome, several PR proteins were found to be upregulated ,viz. β 1, 3-glucanase (7.3 Log 2 fold), chitinase (4.6 Log2 fold) and thaumatin-like PR5 (3.8 Log 2 fold). Dehydrins are late embryogenesis abundant (LEA) proteins that are produced in plant cells in response to abiotic stresses, like cold, drought and salinity. The COR15 protein was accumulated during cold acclimation in Arabidopsis (Thalhammer and Hincha 2014). Nogueira et al. (2003) suggested that sugarcane has cold-inducible genes, which are CBF regulon members. In this study, CBF6 was found to be upregulated in S. spontaneum upon 24 h chilling stress. WCOR413 is directly involved in chilling tolerance (Nogueira et al. 2003) . Cold responsive genes, such as COR413, CSP 1 (cold shock protein) and CBF6, were found to be upregulated both in transcriptome data, as well as in qRT-PCR, signifying their role in protection during LT stress (Dharshini et al. 2016) . A CSD (cold shock domain) gene was expressed only during stress in our analysis. Highly conserved amino acids within the CSDs in (Karlson and Imai 2003) .
Phytohormones under cold stress
In cells, phytohormones like abscisic acid (ABA), auxin (IAA), cytokines (CKs), ethylene (ET), gibberlellins (Gas), brassinosteroids (BRs), jasmonates (Jas), salicylic acid (SA) and strigolactones (SL) are diverse groups of signaling molecules that mediate the external stimuli response (Wani et al. 2016) . These trigger phosphoprotein cascade pathways leading to expression of genes associated with cold stress tolerance (Kolaksazov et al. 2013) . ABA, a stress hormone, is an essential messenger of plants and increases the levels as an adaptive mechanism that responds to abiotic stress (O'Brien and Benkova 2013) . In this study, the abscisic stress-ripening protein was upregulated by 3.3 Log 2 fold under cold stress conditions. Auxin is an important hormone, which defends biotic and abiotic stress responses through regulation of many genes (Fahad et al. 2015) . Auxin responsive protein (ARP), auxin responsive factor (ARF) and auxin induced protein (AIP) were upregulated as a cold stress-responsive protein in S. spontaneum. Endogenous CKs level alteration in stress conditions indicates their responsive act during abiotic stress (O'Brien and Benkova 2013). During cold stress, cytokinin rapidly induces Arabidopsis response regulator 6 (ARR) gene (Vogel et al. 2005) . In this transcriptome data, RR6 gene was upregulated by 2.5 Log 2 fold and also isopentenyltransferase 2 was upregulated by 3.5 Log 2 fold. Ethylene is a gaseous phytohormone whose level is altered by low temperature and salinity stresses. Higher ethylene concentration shows enhanced tolerance (Shi et al. 2012b) . In this case, the ethylene responsive elementbinding protein 2 was upregulated by 8.3 Log 2 fold which indicates that ethylene plays an important role in freezing tolerance mechanism in S. spontaneum. However, the process of tolerance remains unclear. The Gibberellins show their vital roles in response to abiotic stress (Colebrook et al. 2014) . The Gibberellin receptor recorded 2.0 Log 2 fold upregulation in cold transcriptome. As brassinosteroids are involved in chilling tolerance (Wang et al. 2014) , genes like brassinosteroid insensitive1-associated receptor kinase 1 and brassinosteroid biosynthesis-like protein were upregulated by 3.6 and 2.2 Log 2 fold change, respectively, in this study. Kosova et al. (2012) found that the content of JA and SA increased upon cold stress in wheat. Also, the expression of LOX (one of the first enzymes in JA biosynthetic pathway) in kiwi (Actinidia delicosa) and Caragana jubata was positively regulated during cold stress (Zhang et al. 2006; Bhardwaj et al. 2011) . Kolaksazov et al. (2013) suggested that jasmonate may be the principle mediator of cold stress in Arabisalpina. Genes like lipoxygenase 1 (LOX1), jasmonate-induced regulator like and jasmonate-zim-domain protein 1 were upregulated in our study. Gharib and Hegazi (2010) experimented that seeds treated with SA show increased germination under chilling stress. In our data, proteins involved in SA like S-adenosylmethionine synthetase 1 family and UDP-glucoronosyl transfersase protein were expressed in high levels, indicating synthesis of SA upon low temperature stress. The present S. spontaneum transcriptome data gives the list of upregulated phytohormones under low temperature. Apart from these genes, few of them are tabulated in Table S6 .
Secondary metabolites
Secondary metabolites, such as flavonoids, terpenoids, carotenoids, betaines, wax, lignin and tocopherol play an important role in low temperature cold tolerance. Chalcone synthases are upregulated under LT in sugarcane (Nogueira et al. 2003) and it helps in formation of flavonoids (Grace and Logan 2000) . Low temperature stress induces the production of several flavonoids, among which anthocyanins are prominent and can inhibit all types of ROS. Recently, it was reported that anthocyanins play an important role in S. officinarum leaves by acting as antioxidants upon cold exposure (Zhu et al. 2013) . Our analysis revealed the upregulation of three genes involved in anthocyanin biosynthesis. Two of them that belonged to anthocyanin 5, 3-o-glucosyltransferase family were 1.5 Log 2 fold upregulated under stress. The leuco-anthocyanidindioxygenase (LDOX) gene, which is involved in synthesis of pro-anthocyanin, was 3.3 Log 2 fold upregulated. Also, 1-deoxy-d-xylulose 5-phosphate synthase, which is involved in terpenoid metabolism and an uncharacterized protein orthologous to Sorghum bicolor involved in flavonoid metabolism were also upregulated by 2 Log 2 fold and 2.8 Log 2 fold, respectively, in S. spontaneum. In addition, gamma tocopherol methyl transferase, laccase8 and chalcone synthase were also upregulated. Different types of secondary metabolites expressed under low temperature stress in S. spontaneum are given in Fig. 6 .
Regulation of cell under LT
Upon low temperature stress, cell undergoes several cellular regulations such as activation of transcription factors, calcium signaling, redox signaling, protein degradation and induction of phytohormones that were found differentially expressed in our study. Similar mechanism of activating downstream cold metabolic pathways by LT sensors, viz. calcium channel and two-component histidine kinases was reviewed by Xiong et al. (2002) . Phytohormones, like abscisic acid (ABA) and jasmonic acid also play a crucial role in plant chilling stress responses (Verslues and Zhu 2005) . A rapid induction of phytohormones, such as abscisic acid and jasmonic acid in cold tolerant rice accelerates the stomatal closure to prevent excessive water loss .
Chaperones
Chaperones or heat shock proteins (HSPs) are produced in cells in response to adverse environments. A range of HSPs (HSP70, HSP90 and small HSPs) have been found to accumulate upon low temperature stress (Timperio et al. 2008 ). HSPs were found in abundance in rice (Yan 2005) , maize (Kollipara et al. 2002) , poplar (Renaut et al. 2004) , chicory (Degand et al. 2009 ) under low temperature stress. Of these, HSP70 family is most predominant. These HSPs act as molecular chaperones and thus prevent aggregation of the denatured proteins and facilitate protein refolding (Lee et al. 2009 ). In our study, HSP70 was 2.8 Log 2 fold upregulated and HSP90 was expressed only during stress, implicating their pivotal roles in protection against cold stress. Furthermore, two genes HSP60 alpha and HSP60 beta were also enhanced upon cold exposure in our analysis.
Ubiquitination
In recent times, ubiquitin conjugation has been identified to be a major regulator of stress-responsive transcription factors and other regulatory proteins. Ubiquitination plays a significant role in regulating transcriptional processes essential for adaption to abiotic stresses (Lyzenga and Stone 2012) . In our transcriptome analysis, genes like ubiquitin thioesterase16, SUMO conjugating enzyme, ubiquitin conjugating enzyme 9 and polyubiquitin 3 were found to be upregulated. There were two uncharacterized genes involved in protein ubiquitination, which were found to be 4 Log 2 fold upregulated in S. spontaneum. Regulation of abiotic stress responses by SUMOylation was suggested by the observation that SUMO conjugates increase when plants are exposed to adverse environmental conditions including low temperature (Miura and Hasegawa 2010) . Very recently, overexpression of a pepper U-box E3-ubiquitin ligase conferred enhanced cold tolerance in transgenic rice (Min et al. 2016) . A total of 15 genes encoding E3-ubiquitin protein ligases were found upregulated in our transcriptome data, signifying the role of E3-ubiquitin ligases upon LT stress. RUB (Related to ubiquitin) are ubiquitin-like modifiers, which involves in regulation of plant stress response (Miura and Hasegawa 2010) . RUB1 is upregulated upon chilling stress in S. spontaneum. The transcripts ID for the genes described in this manuscript is tabulated in supplementary file S3.
Validation using quantitative real-time PCR (qRT-PCR)
A total of 18 genes were chosen for validation using qRT-PCR which were involved during LT stress tolerance. Overall, a similar trend was observed in both transcriptome data, as well as qRT-PCR. During cold acclimation, upregulation of phospholipase D (PLD) and fatty acid desaturase 8 (FAD8), which serve as membrane fluidity proteins, were observed. Histidine-containing phospho-transfer protein 4 (HPT4), which acts as cold sensor in plants, was enhanced upon LT stress (7.1 Log 2 fold). MAPK and calmodulin, Fig. 6 A detailed representation of differentially regulated genes related to secondary metabolite synthesis in S. spontaneum. MVA (mevalonate) pathway, Non MVA (non-mevalonate) pathway which play a major role in signaling of cold stress, were upregulated by 18.1 Log 2 fold and 5.8 Log 2 fold, respectively. The expression of thioredoxin was enhanced by 5.7 Log 2 fold. Transcription factors, such as ARF, FAR, C3H, NAC28, WRKY9 and BHLH, were quantitatively validated and their respective Log 2 fold changes were 8.7, 1.7, 9.7, 10.8, 2.3 and 1.2, respectively. Osmolytes, like trehalose-6-phosphate synthase (2.6 Log 2 fold) and IP3 (1.5 Log 2 fold) were upregulated. E3 ubiquitin protein ligase, which is involved in ubiquitination, was upregulated by 4.0 Log 2 fold. Relative expression profile of the genes in qRT-PCR with that of the transcriptome data is shown in Fig. 7 . Transcript transcriptome ID and its category of genes used for qRT-PCR is given in supplementary table S7.
Conclusion and future perspectives
Our cold transcriptome analysis revealed a preliminary model for the tolerance of Saccharum spontaneum to cold stress. Based on the potential genes expressed in our cold transcriptome, we hypothesize a pathway by which cold acclimation may occur in the LT tolerant S. spontaneum and is pictorially represented in supplementary fig S1. In nature, several morphological, physiological and biochemical changes occur in Saccharum sp., due to low temperature stress. In S. spontaneum, exposure to low temperature stress leads to activation of cold sensors, such as Ca 2+ , two-histidine kinase, receptor kinase, which activate signal transduction and trigger the maintenance of membrane fluidity by producing unsaturated fatty acids, through FAD8 and rearrangement of cytoskeleton structure by PLD. PLD opens the calcium channel and increases cytosolic Ca + levels upon LT. PP2C induces IP3 to bind to endoplasmic reticulum and calcium release from endoplasmic reticulum is triggered by IP3. Calcium ions bind with calmodulin, calcineurin that induce the MAPK cascade. Also, protein kinase C, calcium-dependent protein kinases (CDPK), receptor-like kinases and lectin class of receptor kinases activate the MAPK cascade. Homeostasis is restored by efflux of sodium ions and influx of potassium ions across cell membrane, through K + /Na + channels. MATEs, H + ATPases and a vacuolar proton pyro-phosphatase are involved in hydrogen-translocating pyro-phosphatase activity and thus cytosolic Na + ions are transported to the vacuole, thereby restoring the K + /Na + levels in cytosol. Upregulation of genes, like LHCB-3 and RIBISCO activase in chloroplast, suggests that these genes play a crucial role in photosynthesis under cold tolerance mechanism. ABA-dependent and -independent pathways regulate the expression of cold responsive transcriptional factors, like CBF, AP2, C3H, bHLH and NAC. As a result, accumulation of CSPs, COR413, osmoprotectants, aquaporins, antioxidants, antifreeze proteins, secondary metabolites and chaperones altogether may confer cold tolerance in S. spontaneum. This study provides insights into the cold tolerance to low temperature stress in S. spontaneum, thus opening applications in the genetic improvement of cold stress tolerance in sugarcane.
Data availability statement All relevant data are within the paper and its supporting information files. Fig. 7 Relative expression analysis using qRT-PCR; each bar represents the average of three replicates, error bars indicate SE
